We have evaluated the incidence of chromosome 21 disomy in decondensed sperm heads from nine normal men using a locus-specific DNA probe for chromosome 21, and a centromeric probe for chromosome 6 as a control. The results show that the incidence of chromosome 21 disomy (038%) is significantly higher than disomy for chromosome 6 (0.14%). No differences were found among the individuals analysed.
Introduction
Trisomy 21 is, by far, the most common type of trisomy in humans. Although the origin of the extra chromosome may be mitotic (-5%) (Hassold, 1982; Antonarakis, 1993) , about 95% of cases originate by non-disjunction at meiosis I or meiosis II. Using DNA polymorphic markers, Antonarakis (1993) demonstrated that in ~90% of cases the origin of the trisomy is of maternal meiotic origin, while in the remaining 5% it is of paternal meiotic origin.
Analysis of the chromosomal constitution of human gametes will determine the incidence of non-disjunction in the parents (as opposed to the incidence of trisomy in their offspring) and provide data as to whether a positive or negative selection exists depending on the origin of the extra chromosome. In fact, Hall (1990) proposed that the viability of trisomic zygotes might depend on the parental origin of the extra chromosome.
Determination of the chromosome constitution of human spermatozoa used to be carried out through the human-hamster interspecific in-vitro fertilization (TVF) system (Rudak et aL, 1978; Martin et aL, 1982) . However, in recent years the introduction of fluorescent in-situ hybridization (FISH) to decondensed sperm nuclei has provided an alternative approach to evaluate the chromosomal constitution of human spermatozoa. Several groups have already used such methodology to evaluate aneuploidy in spermatozoa and have reported disomy frequencies for the sex chromosomes and several autosomes (Guttenbach and Schmitd, 1990; Pieters et aL, 1990; Coonen et aL, 1991; Han et aL, 1992; Holmes and Martin, 1993; Martin et aL, 1993; Williams et aL, 1993; Bischoff et aL, 1994; Guttenbach et aL, 1994; Wyrobek et al., 1994; . FISH in this material provides a rapid source of data and an alternative technique to analyse the rate of meiotic non-disjunction in the human male. However, so far all studies have relied on repetitive DNA probes, most of them on onecolour FISH, and the estimated aneuploidy rate for chromosome 21 has not been established.
In this study, we report the frequency of disomy for chromosome 21 in human spermatozoa ascertained by single and dual FISH analysis.
Materials and methods
Sperm samples were obtained from nine phenotypically normal healthy males aged 23-37 years, with normal seminal parameters. The samples were fixed in methanol:acetic acid (3:1) and processed for FISH analysis. Sperm nuclei were decondensed by slide incubation in 5 mM dithiothreitol (DTT) and 1% Triton X-100. Details of sperm fixation, nuclear decondensation and FISH processing have been previously described (Vidal et aL, 1993) .
A locus-specific probe for chromosome 21, spanning the 21q22.14-q22.3 region, directly labelled with Spectrum Orange (LSI 21, Spectrum Orange: Vysis Inc., Downers Grove, IL, USA) and a centromeric probe for chromosome 6, directly labelled with Spectrum Green (CEP 6, Spectrum Green: 'Vysis Inc.) were used for the FISH study. FISH incubation and detection was performed according to the manufacturer's instructions.
Single-colour hybridizations for the LSI 21 probe and dual hybridizations using CEP 6 + LSI 21 were performed for each donor. For single-colour FISH, one orange signal is expected per normal haploid sperm nucleus; for dual FISH, one green plus one orange signal are expected per normal haploid sperm nucleus.
Analyses were done using an Olympus BX60 epifluorescence microscope equipped with filter sets for FTTC, Texas Red and DAPI/ Texas Red/FITC. Only those nuclei unequivocally identified as decondensed sperm nuclei because of their oval morphology and/or presence of a tail were scored.
To decrease the subjectivity of the observations, the following criteria were used: (i) overlapped spermatozoa or sperm heads without a well denned boundary were not evaluated; (ii) in cases of disomy or diploidy, all signals should have the same intensity, and be separated from each other by a distance longer than the diameter of each signal; and (iii) nuUisomies were not directly scored and were conservatively considered as equivalent to the incidence of disomies.
Data were statistically analysed by an InStat 2.01 program (Graph Pad, San Diego, CA, USA).
Results
A total of 20 077 spermatozoa was analysed by dual FISH (LSI 21 + CEP 6) ( Table I ) and 17 881 spermatozoa by single FISH using the locus specific probe for chromosome 21 (LSI 21) (Table II) .
The mean efficiency of decondensation was 98.7%, with a range from 95.1 to 99.8% (Tables I and II) . Schattman et al., 1993 Goldman et aL, 1993 Chevret et aL, 1994 Wyrobek et aL, 1994 Bischoff et aL, 1994 (donor I) Bischoff et aL, 1994 (donor IT) Spriggs et al., 1995 0.10 Rousseaux 0.20 and Chevret (1995) The mean hybridization efficiency using these probes was 99%, with a range from 98.12 to 99.80% (Tables I and IT) .
The use of dual fluorescent hybridization allowed the clear differentiation of normal haploid spermatozoa, with two hybridization signals, one for each probe (Figure la) , disomic spermatozoa, with three hybridization signals (Figures lb and  lc) and diploid spermatozoa, with four hybridization signals, two for each chromosome analysed ( Figure Id) .
To confirm the results obtained with dual FISH, we carried out a single FISH analysis using the locus specific probe for chromosome 21. In this experiment, it was to be expected that the frequency of spermatozoa with two signals for chromosome 21 would be equivalent to that obtained by adding the frequency of sperm disomic for chromosome 21 and the frequency of diploid spermatozoa (all of them with two signals for chromosome 21). Using the x 2 test. we did not find any significant differences in the nine individuals studied (0.0557 < P < 0.9740).
When comparing the frequency of disomies and that of diploidies using the test in the individuals studied we observed that: (i) there were no significant differences among the subjects analysed with respect to the frequency of chromosome 21 disomies (P = 0.6174); (ii) a significant difference was only observed between individuals Cl and C8 regarding disomies for chromosome 6. The incidence in Cl was significantly higher (P = 0.0366) than in C8. No significant differences were found among the other individuals; and (iii) no significant differences were found when considering diploid spermatozoa (/> = 0.5396).
As a mean, the frequency of disomies for chromosome 21 (0.38%) was significantly higher than the frequency of disomies for chromosome 6 (0.14%) using a non-paired Student's test (P = 0.0004).
Discussion
In recent years, several reports have been published on the incidence of different chromosomal abnormalities in decondensed sperm nuclei using FISH. However, most of them have used a single DNA probe (Pieters et ai, 1990; Coonen et ai, 1991; Martin et al., 1993; Guttenbach et ai, 1994) and as a result it was impossible to differentiate between disomie and diploid spermatozoa. In some cases, the ploidy of the sperm was evaluated based on the size of the sperm heads (Guttenbach and Schmid, 1990; Coonen et al., 1991) considering that spermatozoa with two hybridization signals and a large head were diploid, while sperm of normal size with two signals were disomic. This approach cannot be considered as valid, because it is excessively subjective, and the size of the sperm heads is related to the degree of chromatin decondensation (Seligman et al., 1993) . In other reports, multiple colour FISH has been used (Wyrobek et ai, 1992; Goldman et ai, 1993; Han et ai, 1993; Schattman et ai, 1993; Williams et ai, 1993; Bischoff et ai, 1994; Chevret et ai, 1994; Wyrobek et al., 1994; Rousseaux and Chevret 1995; Spriggs«f ai, 1995) . In this study, we have used two different probes, a locusspecific probe for chromosome 21 and a centromeric probe for chromosome 6, because the best experimental approach to determine the incidence of disomies in decondensed sperm heads is the use of at least two probes to label different chromosomes; this allows clear differentiation between disomic (two signals for one chromosome and one single signal for the other) and diploid (two signals for each chromosome) sperm heads.
In this study, spermatozoa lacking a hybridization signal for either chromosome 6 or chromosome 21 have not been taken into account because, although they are theoretically nullisomic for one of these chromosomes, it is impossible to differentiate between nullisomies and hybridization failures. To evaluate the incidence of nullisomies, and taking into account that nondisjunction at either meiosis I or meiosis II will originate the same number of nullisomic and disomic cells, we have used a conservative approach and considered that the incidence of nullisomies was equivalent to the incidence of disomies (Hamerton, 1971; Ford, 1973) . Thus, the efficiency of FISH was calculated by adding the number of haploid spermatozoa plus twice the number of disomic spermatozoa (Table I) . When using only the probe for chromosome 21, the efficiency of hybridization was calculated by adding the number of spermatozoa with one signal plus the number of sperm heads with two signals, because in this case it is impossible to differentiate between disomic and diploid sperm (Table IT) .
The decondensation efficiency with the method employed in our laboratory was approximately 99%, which is similar to the percentage obtained by other authors (West et al., 1989; Wyrobek et al, 1990; Coonen et al, 1991; Han et al, 1993; Rousseaux and Chevret, 1995) . The wide variability of decondensation efficiency reported (Tables I and IT) is probably related to differences in the degree of chromatin condensation among spermatozoa in the same ejaculate, as well as to interindividual differences (Incharoensakdi and Panyim, 1981; Seligman et al, 1994) . The method used in this Study controls the process of decondensation which allows the effective penetration of the probe and the production of discrete, well defined hybridization signals. Furthermore, undecondensed spermatozoa can be easily distinguished because they are not stained by DAPI.
• Table HI summarizes the results obtained by other authors using different probes, and compares them to those obtained in this work. As shown in Table m , there is a wide variability in the incidence of disomies reported by different authors. These differences are probably more related to the criteria used to evaluate the results than to real interindividual differences. In fact, although Robbins et al. (1993) proposed the existence of a significant interindividual variability, this variability has not been confirmed by other authors (Bischoff et al, 1994; Guttenbach et al, 1994) . However, it should be noted that most studies have used probes that recognize highly repetitive DNA regions, and it is well known that in some cases these regions show polymorphisms that can make them undetectable by FISH (Seres-Santamaria et al, 1993; Bossuyt et al., 1995) . The use of locus-specific probes, such as the one used in this work for chromosome 21, produces smaller hybridization signals, but their presence or absence is not related to polymorphisms that, otherwise, could give rise to false negative results.
In genera], and with the exception of the high incidence obtained by Bischoff et al (1994) for some chromosomes in donor I (Table III) , our results and those of other authors are in good agreement with present knowledge on the tendency of some chromosome pairs to non-disjunction (Williams et al, 1993; as well as with the results obtained with the human-hamster interspecific IVF system (Martin et al, 1991) in sperm chromosome studies. Although recently Rosseaux and Chevret (1995) reported an incidence of chromosome 21 disomy which was very low with respect to ours (0.10%), they only studied one individual. Instead, our results are in good agreement with the recent report of , who showed a frequency of disomy for chromosome 21 (0.29%), that was significantly higher than that for the other autosomes studied. This supports the existence of either chromosome-specific mechanisms of non-disjunction, such as a decreased degree of recombination detected in some cases of trisomy 21 (Antonarakis et al, 1986; Warren et al., 1987) or of a differential effect of general non-disjunction mechanisms on some chromosome pairs.
